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A well-characterized collagen-glycosaminoglycan matrix
(CGM) that has been shown to function as a dermal
analog was seeded with freshly disaggregated autologous
keratinocytes and applied to full-thickness wounds in a
porcine model. CGM were impregnated with 50,000
keratinocytes per cm2, a seeding density that produces a
confluent epidermis within 19 d post-grafting and affords
a 60-fold surface expansion of the donor epidermis. In
this study, the temporal sequence of events in epidermal
and neodermal formation was analyzed histopathologic-
ally and immunohistochemically from 4 to 35 d post-
grafting. The epidermis was observed to form from
clonal growth of individual keratinocytes into epithelial
cords and islands that gradually enlarged, coalesced,
differentiated to form large horn cysts, and finally re-
organized at the graft surface to form a fully differenti-
ated, normally oriented epidermis with rete ridges.
Reconstitution of full-thickness cutaneous defects with-out scarring continues to be both a scientific and aclinical challenge. Although temporary wound closurecan be achieved with synthetic biomaterials, allografts,or xenografts, permanent closure requires grafting
with autologous tissue.
To achieve epidermal wound closure, two clinical alternatives have
been available over the past several years: conventional (split-thickness
or full-thickness) skin grafts and cultured epithelial autografts (CEA).
From a technical standpoint, the use of conventional skin grafts is less
problematic, but the donor sites for such grafts may be associated with
significant morbidity. They are painful and cause additional scarring.
In elderly patients with thin skin or in patients with genetic diseases
such as epidermolysis bullosa, donor sites heal poorly. In children,
donor sites may develop significant hypertrophic scarring. More
importantly, however, adequate donor sites for conventional skin grafts
may be severely limited or lacking altogether in patients with extensive
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Simultaneously, a neodermis formed from migration of
endothelial cells, fibroblasts, and macrophages into the
CGM from the underlying wound bed, resulting in forma-
tion of blood vessels, the production of abundant extra-
cellular matrix, and the degradation of the CGM fibers,
respectively. Gradually, the stromal cellularity of the
CGM decreased and collagen deposition and remodeling
increased to form a neodermal connective tissue matrix
beneath the newly formed epidermis. Complete dissolu-
tion of the CGM occurred, partly as a result of degradation
by an ongoing foreign-body giant cell reaction that
peaked at 8–12 d post-grafting, but neither acute
inflammation nor evidence of immune stimulation were
observed. Within 1 mo, many structural components of
normal skin were reconstituted. Key words: differentiation/
pig/porcine/wound healing. J Invest Dermatol 110:908–916,
1998
wounds. In contrast, CEA offer the potential to cover large surface
defects from small amounts of donor skin.
The production of CEA requires only small amounts (typically about
2 3 2 cm2) of donor skin. The rapid in vitro growth of the keratinocytes
isolated from the donor epidermis produces enough epithelium to
cover the entire body surface within 3 wk, corresponding to a 10,000-
fold expansion of the original epithelial surface area (Arons et al, 1991;
Cairns et al, 1993). Several problems, however, are associated with
clinical use of these grafts. The cultured cell sheets are initially fragile,
susceptible to infection, and require special handling techniques. Graft
production time, being both variable and somewhat lengthy, may be
associated with difficulties in coordination of treatment schedules. In
addition, the engraftment (‘‘take’’) rates of CEA vary and average about
60% if the grafts are transplanted directly to wound bed granulation
tissue (Arons et al, 1991; Cairns et al, 1993).
Because CEA are pure epithelial grafts, the underlying wound bed
connective tissue serves as their only stromal support. Although it has
been demonstrated that immature connective tissue (i.e., granulation
tissue) subjacent to grafted CEA eventually matures and remodels to
resemble the dermis of normal skin (Compton et al, 1989; Compton,
1992), the process is slow and takes years to complete. Preferably,
intact normal human dermis may be provided as a stromal support by
overgrafting the wound with cadaveric skin, allowing it to vascularize,
and then removing the epidermis prior to CEA grafting (Cuono et al,
1986). This technique has been shown to increase CEA engraftment
and differentiation both in humans (Odessey, 1992; Compton et al,
1993; Hickerson et al, 1994) and in animal models (Kangesu et al,
1993); however, it requires additional grafting procedures, carries a
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theoretical risk of disease transmission, and is limited by the availability
of properly preserved cadaver skin.
In seeking to solve the problem of stromal support for CEA, several
investigators have pursued alternative strategies of graft production,
combining cultured keratinocytes with natural or bioengineered con-
nective tissue substrates to produce bilayered, ‘‘composite’’ grafts (Bell
et al, 1981a, b; Bell et al, 1983; Cuono et al, 1987; Boyce and
Hansbrough, 1988; Nanchahal et al, 1989; Hansbrough et al, 1989,
1993; Cooper and Hansbrough, 1991; Krejci et al, 1991; Tinois et al,
1991; Andreassi et al, 1991; Ben-Basset et al, 1992; Boyce et al, 1993;
Cooper et al, 1993; Matouskova´ et al, 1993). Most of these methods
have entailed cultivation of keratinocytes atop a stromal support in vitro,
but these approaches have uniformly proven far less efficient for
epidermal cell growth than production by CEA methods. Thus,
compared with CEA, the epidermal expansion that could be achieved
with most composite grafts was relatively small. Furthermore, graft
production time was typically greater than that required to produce
comparably sized CEA because methodologic complexity was increased.
Ultimately, therefore, composite grafts offered no therapeutic advant-
ages over CEA and gained little clinical acceptance.
More recently, other strategies for improving the clinical performance
of CEA have been investigated. Studies in a porcine model of cultured
epithelial autografting have shown that wound bed preparation with a
well-characterized, acellular, biodegradable collagen-glycosaminogly-
can matrix (CGM) improves CEA survival and engraftment to the
same degree as that observed with the use of allodermis in patients
treated with CEA (Orgill et al, in press). Although improving CEA
performance and solving the problems of limited availability, quality
variation, and potential biologic risk associated with the use of
allodermis, this technique also requires two separate grafting procedures
and involves fixed time delays for CEA production.
In a novel approach aimed at eliminating these drawbacks while
maintaining the potential for epidermal expansion offered by the
generation of a new epidermis from disaggregated single cells, CGM
have been seeded with freshly isolated autologous epidermal and dermal
cells immediately prior to grafting in a guinea pig model (Yannas et al,
1982, 1989) and in a porcine model (Butler et al, 1996, in press).
Within 2–3 wk (depending on the seeding density of the grafts), the
epithelial cells produced a confluent epidermis over the engrafted,
vascularized CGM. The technique allowed full closure of large full-
thickness wounds in a single grafting procedure and expanded the
epidermal surface area significantly without in vitro cultivation.
In this study, a porcine model was used to further develop the
technique for permanent closure of full-thickness wounds using
keratinocyte-seeded CGM (K-CGM) and to study the process of skin
regeneration from seeded grafts by histologic and immunohistochemical
techniques in greater detail than was possible earlier (Yannas et al,
1982, 1989; Murphy et al, 1990). A porcine model was chosen because
pig skin is closely analogous to human skin, both histologically and
physiologically. In addition, many of the antibodies available for
immunohistochemical analysis of human skin are cross-reactive with
analogous porcine antigens. The model has the further advantage of
allowing multiple wound sites to be studied simultaneously in the
same animal.
MATERIALS AND METHODS
Synthesis of copolymer CGM CGM were produced as previously described
(Yannas et al, 1980, 1989). A coprecipitate of type I bovine collagen (courtesy
of USDA, Washington, DC) and shark cartilage chondroitin 6-sulfate (Sigma,
St. Louis, MO) in 0.05 M acetic acid (pH 3.2) was lyophilized to give a highly
porous sheet (average pore diameter about 100 µm), and was then vacuum
dehydrated and covalently cross-linked at 105°C to produce membranes with
a thickness of 2 mm and a pore void volume of about 95%. The CGM were
coated with silicone elastomer (medical grade Silastic A; Dow Corning, Midland,
MI) and cured for 24 h in 0.05 M acetic acid at 23°C. The rehydrated CGM
component of the composite bilayer membrane was further cross-linked by
immersion in a bath of 0.25% glutaraldehyde at 23°C, and unreacted glutaral-
dehyde removed by exhaustively rinsing in distilled water.
Autologous keratinocyte extraction and CGM seeding The dorsal skin
of 20 kg female Yorkshire pigs was shaved, scrubbed with germicide soap, and
prepped with 70% isopropyl alcohol. Split-thickness skin samples, 0.25 mm
thick, were taken from the scapular region with a dermatome. The epidermis
was separated from the dermis following incubation in 0.25% Dispase (Sigma)
at 37°C for 2 h. The epidermis was shredded with tissue forceps, and the
keratinocytes dissociated with trypsin (0.1%) and ethylenediamine tetraacetic
acid (0.02%) at 37°C for 30 min, stirred, and then filtered through a 0.104 mm
pore diameter cell filter (Sigma), yielding µ3 3 106 viable keratinocytes
epidermis per cm2. The resulting single-cell suspension was then placed in
Weymouth’s medium supplemented with 20% fetal calf serum and growth
substances as described by Regauer and Compton (1990).
Isolated keratinocytes were seeded onto the porous side of the bilayered
CGM at a density of 5 3 105 cells per cm2 matrix and then centrifuged at
500 rpm for 15 min at 4°C using trays designed to maintain the centrifugal
force perpendicular to the graft surface. With this procedure, the keratinocytes
are forced through the porous matrix to a position near the silicone–CGM
interface (Butler et al, in press). The seeding density used was based on data
from a previous study of identical design in which CGM seeded at a density
of 50,000 keratinocytes per cm2 were shown to form an epidermis that was
75% confluent within 14 d, while affording a 60-fold surface expansion of the
donor epidermis (Butler et al, in press). Preparation time for seeding of K-CGM
grafts was µ4 h from the time of skin harvest.
Autologous K-CGM grafting and biopsy Full-thickness paraspinal dorsal
wounds were made by surgical excision to subcutaneous fat. Twelve wounds
(4 3 4 cm2) were created, and each was immediately grafted with an identically
sized CGM seeded with autologous keratinocytes. Grafts were dressed with
petroleum impregnated gauze and elastic bandages that were changed 2–3 times
per week. No perioperative antibiotics were used. The silicone layer was
removed from all K-CGM on day 14. An incisional biopsy (µ3.0 3 0.5 cm2)
was taken from the center of an individual K-CGM at 4, 8, 12, 15, 19, and
35 d post-grafting; biopsies taken prior to silicone layer removal were taken
through the silicone sheet. An unseeded CGM placed on a 4 3 4 cm2 wound
of identical depth served as a control. The silicone layer of the control was
removed and the graft biopsied at 15 d. Biopsies of the native skin removed to
create the test wound sites were fixed in formalin or snap frozen and were
used as normal controls for morphology and immunohistochemical staining,
respectively.
Histologic and immunohistochemical analysis of healing CGM
grafts Biopsies for histologic evaluation were fixed in 10% buffered formalin,
embedded in paraffin and cut at 5 µm using a Reichert-Jung 2040 microtome.
Sections were picked up on uncoated glass slides and stained with hematoxylin
and eosin.
For immunohistochemistry, biopsies were covered in glycerol-based mount-
ing medium and snap frozen in liquid nitrogen. Frozen sections were picked
up on glass slides coated with 1% 3-aminopropyltriethoxysilane in acetone
(Sigma), dried overnight at 38°C, and incubated with the specific antibody for
3 h at 4°C. A detailed list of the antibodies used for immunolocalization studies
is shown in Table I. Slides were developed by an avidin-biotin peroxidase
complex method using the appropriate Vectastain kit (Vector Laboratories,
Burlingame, CA) with aminoethylcarbozole (Sigma) as the chromogen. Slides
were counterstained with triple strength hematoxylin (Lerner Labs, Pittsburgh,
PA) and coverslipped using Glycergel (Dako, Carpinteria, CA).
RESULTS
Macroscopic observations By clinical observation, the engraftment
of all K-CGM grafts as well as the unseeded CGM control grafts was
complete (100% take), and all grafts remained completely adherent to
the wound bed throughout the 35 d study. There was no gross
evidence of graft infection at any time point. A translucent epidermis
was visible over the K-CGM grafted sites on days 12, 15, and 19, and
by day 35, the new epidermis was opaque. On day 15, the epidermis
appeared 85% confluent, and by day 19 it was fully confluent. In
addition, small, white opaque granules were observed in the newly
forming epidermis on days 12 and 15 but not on days 19 and 35.
Histologic and immunohistochemical observations
Day 4 post-grafting At day 4 post-grafting, the matrix of the graft was
still fully structurally intact and clearly visible as a mesh of thick
eosinophilic collagen fibers atop the wound bed. It measured 0.5 mm
in thickness, on average, throughout. The inner (deep) one-third to
one-half of the graft matrix was infiltrated by cells from the wound
bed (Fig 1). Immunostains for Ki67, a proliferation-associated antigen
that is expressed intranuclearly during all phases of the cell cycle (i.e.,
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Table I. Immunohistochemical studies: antibodies and applications
Antigen Antibody source Address Antibody Antibody type
dilution
Keratin 1 Gift from Dr. Birgit Lane University of Dundee, Scotland 1:5 Mouse IgM
Keratin 14 Gift from Dr. Birgit Lane University of Dundee, Scotland 1:25 Mouse IgG
Pankeratin Dako Carpinteria, CA 1:50 Mouse IgG
Involucrin Biomedical Technologies Inc. Stoughton, MA 1:20 Rabbit IgG
α6β4 integrin Becton Dickenson San Jose, CA 1:300 Mouse IgG
Type VII collagen Serotec Westbury, NY Neat Mouse IgG
Laminin Chemicon International Temecula, CA 1:75 Mouse IgG
Ki 67 Coulter Corp. Opalocka, FL 1:50 Mouse IgG
Factor VIII Vector Burlingame, CA 1:1000 Rabbit IgG
G1, S, G2, and M), showed that approximately one-third to one-half
of the cells within the CGM and in the wound bed directly below
were actively cycling. This represented a marked increase in cell
proliferation compared with the dermis of normal pig skin controls in
which Ki67-positive cells were rare. Immunostains for factor VIII
revealed that endothelial cells comprised about one-third of the
cells populating the CGM; however, they were not organized into
histologically recognizable vascular structures. The infiltrating cell
population also included mononuclear cells, granulocytes, red blood
cells, scattered multinucleate giant cells, and fusiform cells consistent
with fibroblasts. The superficial half of the graft matrix was only
sparsely populated by cells of the same types. The wound bed underlying
the K-CGM showed no inflammation.
Keratinocytes were not identifiable by histologic examination, but
immunohistochemical stains for keratin (pancytokeratin), performed
specifically to identify keratinocytes, revealed small numbers of single
cells or small groups of two to three cytokeratin-positive cells randomly
distributed throughout the graft matrix (Fig 2). Although controls of
normal porcine epidermis showed strong positive staining of all
suprabasal layers for keratin 1 (K1), the acidic type I keratin of the
K1/K10 pair that forms the major cytoskeletal component of suprabasal
cells in mature epidermis, the epithelial cells within the CGM showed
no expression of this keratin. In contrast, all keratinocytes within the
CGM stained strongly for K14, the type I keratin pair to K5.
The expression of K5/K14, the major keratin pair of basal cells in
stratified squamous epithelia, was consistent with a basal cell phenotype;
however, stains for involucrin, a major component of the cornified
envelope of cells of the stratum corneum and therefore a marker of
terminal differentiation of keratinocytes, showed premature expression
by the epithelial cells scattered through the CGM. Premature expression
of involucrin by keratinocytes of basal cell phenotype is also known
to occur in vitro and to be readily reversible with epidermal maturation
following in vivo transplantation of cultured keratinocytes (Banks-
Schlegel and Green, 1981). Stains for filaggrin, a protein component
of keratohyaline granules in cells of the epidermal granular layer,
were appropriately negative. No staining for epidermal attachment
specialization molecules such as laminin (basement membrane), type
VII collagen (anchoring fibrils), or α6β4 integrin (hemidesmosomes)
was seen at this time.
Day 8 post-grafting At day 8 post-grafting, the graft thickness had
increased several fold and measured 1.5–1.6 mm. The increased
thickness was due mainly to a marked increase in the cellularity of the
graft. In the deep two-thirds of the CGM, the graft matrix interstices
were compactly filled with cells. Confluent cellularity was also seen
focally throughout the full thickness of the graft (Fig 3). The character
of the graft cell population showed two obvious changes compared
with day 4. Irregularly shaped islands and cords of keratinocytes were
now clearly recognizable amid the stromal cells within the graft
interstices (Fig 4), and the number of multinucleate giant cells, seen
in intimate association with the graft matrix fibers, had greatly
increased (Fig 5).
Immunohistochemical stains for pancytokeratins confirmed that
these branching and anastomosing keratinocyte colonies comprised
approximately half of the cell population of the graft at this time point,
but no expression of K1 was seen. Instead, the epithelial cords stained
Figure 1. Histologic appearance of K-CGM at day 4 post-grafting.
Stromal cell migration into the CGM from the underlying wound bed has
filled the interstices of the inner half of the matrix, but the epidermal cells with
which the matrix has been seeded are not discernible histologically. Scale
bar, 50 µm.
Figure 2. Pankeratin immunostaining, K-CGM at day 4 post-grafting.
Sparse numbers of keratinocytes, seen either singly or in small groups amidst
the infiltrating stromal cells within the matrix, are visualized by immunostaining
for cytoplasmic keratin. Scale bar, 150 µm.
strongly for K14 (Fig 6). The epithelial cords also stained diffusely for
involucrin, which was inappropriately expressed by the basal cells at
the periphery of the cords; however, no expression of filaggrin was
seen, nor were granular cells identified histologically. Ki67 immuno-
localization revealed that the proportion of proliferating cells within
the matrix was as great as on day 4 and that equal proportions of
epithelial and stromal cells in the CGM were proliferating (Fig 7).
Positively staining cells comprised about one-third of the cell population
of each compartment. Immunostains for laminin, type VII collagen,
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Figure 3. Histologic appearance of K-CGM at day 8 post-grafting. The
keratinocyte population has increased significantly compared with day 4 and,
along with the infiltrating stromal cells, now greatly expands the matrix. The
adipose tissue of the underlying wound bed has been almost entirely replaced
by a dense fibrocellular infiltrate with only small clusters of fat cells remaining
(bottom left). Scale bar, 200 µm.
Figure 4. Cords and islands of epithelium in K-CGM at day 8 post-
grafting. Proliferating keratinocytes comprise about 50% of the total cell
population of the matrix and have formed an irregular array of interlacing
epithelial cords and islands that are outlined at their periphery by basaloid cells.
A dense population of spindled stromal cells and small blood vessels fills the
interstices between epithelial cords, and focally, residual CGM fibers are seen
surrounded by multinucleate giant cells (arrows). Scale bar, 50 µm.
Figure 5. Foreign body giant cell reaction in stroma in K-CGM at day
8 post-grafting. The foreign body type giant cell reaction to CGM fibers
peaks at 8 d post-grafting. Scale bar, 60 µm.
Figure 6. Immunostaining for keratin 14, K-CGM at day 8 post-
grafting. The branching and anastomosing configuration of the proliferating
epithelial islands and cords is visually enhanced by immunostaining for K14,
which is strongly expressed by the keratinocytes. Scale bar, 150 µm.
Figure 7. Immunostaining for proliferation marker Ki67, K-CGM at
day 8 post-grafting. Most of the epithelial and stromal cells within the graft
are actively cycling, as indicated by the high proportion of positively stained
nuclei. Scale bar, 50 µm.
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Figure 8. Immunostaining for factor VIII, K-CGM at day 8 post-
grafting. On stains for endothelium, capillary ingrowth from the subjacent
wound bed and proliferation within the K-CGM is visualized. The architecture
of the vascular network within the graft is complex, with capillaries interweaving
among the newly formed epithelial cords. Scale bar, 75 µm.
and α6β4 integrin showed diffuse, but focally discontinuous, linear
staining at the periphery of all epithelial cords, indicating production
of anchoring fibrils and formation of hemidesmosomes, respectively.
The collagen fibers of the graft matrix were still distinctly discernible
throughout the graft and in the lower third of the graft were
surrounded by collections of multinucleate foreign-body giant cells
and mononuclear cells (Figs 4, 5). Spindled stromal cells and small
amounts of new matrix, characterized either by amorphous pools of
extracellular material with an eosinophilic, hyalinized appearance or by
fibrillar material with a palely basophilic, myxoid histologic appearance,
were now seen between keratinocyte islands in multiple foci. Vasculariz-
ation of the graft was also clearly apparent at this time. On immunostains
for factor VIII, slender vascular structures were seen penetrating the
graft from the wound bed below (Fig 8) and extending focally to the
graft surface.
The adipose tissue of the underlying wound bed was now nearly
totally replaced by a fibrocellular infiltrate that extended to the subjacent
muscle fascia, but it was not inflamed.
Day 12 post-grafting By day 12 post-grafting, the thickness of the graft
had increased to 2.75 mm. The islands and anastomosing cords of
squamous epithelium within the graft now showed well organized
peripheral basal layers and evidence of keratinocyte maturation with
the formation of keratin pearls (horn cysts) within cords (Fig 9). In
addition, the graft surface was now covered by a confluent layer of
epidermis that lacked a granular layer and was focally parakeratotic.
The forming epidermis still lacked expression of K1 and stained for
Figure 9. Histologic appearance of K-CGM at day 12 post-grafting.
The surface of the K-CGM is now covered by a confluent epithelium, but a
complex array of epithelial cords still extends through the full thickness of the
graft. Scale bar, 150 µm.
K6, but K14 expression now showed strong basal cell staining and
weak suprabasal staining, suggesting the beginning of normalization of
the epithelial keratin programs. Immunostains for involucrin were
still abnormal with expression throughout the epithelium; however,
filaggrin expression was observed in the superficial keratinocytes
rimming the keratin pearls, indicating formation of a stratum granulo-
sum. Immunolocalization of laminin, type VII collagen (Fig 10), and
α6β4 integrin showed linear staining without discontinuities around all
epithelial islands, indicating maturity of anchoring fibril and hemi-
desmosomal attachment specializations.
The neostroma between keratinocyte cords appeared highly hetero-
geneous, ranging from areas of abundant cellularity and extracellular
matrix deposition, largely in the form of dense hyaline material, to
extracellular matrix-poor areas containing many giant cells and residual
matrix material but few repopulating stromal cells (Fig 9). Factor VIII
immunostaining demonstrated a high degree of vascularity between
epithelial islands within the CGM. The wound bed adipose tissue was
now uniformly replaced by fibrocellular tissue but, as at earlier time
points, lacked inflammatory cell infiltrates.
Day 15 post-grafting By day 15 post-grafting, further thickening of
the graft had ceased and the graft thickness was identical to that of day
12. The most striking finding was the presence of numerous massive
keratin cysts that had developed in the 3 d interval since the previous
biopsy (Fig 11). The central keratin debris of the cysts compressed
and markedly attenuated the epithelium at the cyst periphery. Immuno-
staining patterns of keratin expression, terminal differentiation antigens,
and attachment specialization proteins were unchanged from day 12.
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Figure 10. Immunostaining for type VII collagen, K-CGM at day 12
post-grafting. The basal surface epithelium and the periphery of the epithelial
cords are outlined by confluent linear staining for the major structural protein
of anchoring fibrils, indicating expression of these anchorage structures at the
interface with the extracellular matrix by basal cells throughout the graft. Scale
bar, 150 µm.
Figure 11. Histologic appearance of K-CGM at day 15 post-grafting.
Massive horn cysts forming within the epithelial islands of the graft as the
keratinocytes differentiate centripedally dominate the histologic picture. Scale
bar, 300 µm.
The neostroma of the CGM also showed little change from day
12, with the exception of the appearance of small foci of marked
hypervascularity, confirmed by factor VIII immunostaining. Residual
graft matrix material and associated giant cell reaction were now seen
in only a few small foci. The maturation of the surface epithelium still
appeared aberrant, lacking a granular layer and showing focally marked
parakeratosis and hyperkeratosis. The underlying graft bed continued
to show lamellar arrays of spindled cells aligned parallel to the wound
surface but still showed little associated collagen deposition. As at
previous time points, the wound bed lacked inflammatory infiltrates.
The biopsy of the unseeded control CGM taken from the center of
the grafted wound was devoid of epithelium; however, the CGM had
been infiltrated by stromal cells from the wound bed, and a densely
cellular connective tissue with a histologic appearance similar to that
of the K-CGM at day 15 had formed within the deep aspect of the
graft; however, a prominent foreign body giant cell reaction was seen
in the superficial third of the graft where residual matrix fibers were
still present. In addition, a thin layer of fibrinopurulent exudate covered
the graft surface.
Day 19 post-grafting The most striking interval change seen at this
biopsy time point was the nearly complete disappearance of the keratin
cysts that dominated the histologic appearance of the grafts on day 15.
Figure 12. Histologic appearance of K-CGM at day 35 post-grafting.
All horn cysts have resolved and a well organized, fully differentiated epidermis
with nascent rete ridges covers the graft surface. The neodermis shows a three-
dimensional array of stromal matrix and cells without inflammation. CGM
material is no longer present. Scale bar, 125 µm.
The graft was now surfaced by a flat parakeratotic epidermis, and only
rare minute residual horn cysts appeared in the subjacent stroma.
Despite the dramatic change in the histologic appearance of the
epidermis, the epidermal immunostaining patterns were unchanged
from days 12 and 15.
The sharp demarcation between the graft and the wound bed seen
at all earlier time points was now no longer apparent, and the collections
of hyaline material seen previously in the neostroma amidst epithelial
cords were no longer present. Small collections of lymphocytes
surrounded blood vessels in the neodermis, but only rare minute foci
of residual graft matrix and giant cell response could be identified.
Day 35 post-grafting At day 35 post-grafting, all horn cysts were gone
(Fig 12). The graft epidermis now appeared well organized and better
differentiated with progressive resolution of the parakeratosis seen on
earlier biopsies and the formation of a granular layer in multiple foci.
Evenly spaced, nascent rete ridges were also seen (Figs 12–15).
Histologically, the graft neo-epidermis differed little from normal
porcine skin controls, but the epidermal keratin programs had not yet
normalized. Immunostaining for K14 showed a pattern of expression
that was identical to that of normal porcine skin controls, but
K1 expression by suprabasal keratinocytes was patchy. Nevertheless,
immunostaining patterns for involucrin and filaggrin were identical to
controls, indicating normal terminal differentiation. Involucrin was
expressed in the outer half of the epidermis only, and filaggrin
expression was seen in the superficial layers of the stratum malpighii,
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Figure 13. Immunostaining for a6b4 integrin, K-CGM at day 35 post-
grafting. The hemidesmosomal staining pattern of the epidermis is confluent
at the dermo–epidermal junction, identical to that of normal skin. Scale
bar, 100 µm.
Figure 14. Immunostaining for proliferation marker Ki67, K-CGM at
day 35 post-grafting. Within the epidermis, cycling cells are limited to the
basal layer, and the proportion of proliferating cells to resting cells is now
comparable with that of the normal epidermis. The proportion of proliferating
cells in the neodermis is still increased compared with normal skin controls.
Scale bar, 60 µm.
Figure 15. Immunostaining for factor VIII, K-CGM at day 35 post-
grafting. Vascular remodeling is evident on stains for endothelium that reveal
a well organized arcade of hairpin-loop capillaries interdigitating with nascent
epidermal rete ridges in a normal pattern. Scale bar, 75 µm.
Figure 16. Graphic representation of the histologic events in skin
regeneration from K-CGM during the 35 d post-grafting observation
period.
correlating with the granular layer seen histologically. Immunostaining
for laminin, type VII collagen, and α6β4 integrin showed a normal
linear pattern along the attachment face of the epidermal basal cells
(Fig 13). Immunostaining for Ki67 indicated that hyperproliferation
had ceased. The density of cycling cells within the basal layer of the
graft neo-epidermis was identical to that of normal skin controls (i.e.,
approximately one cycling cell per 6–7 basal cells) (Fig 14).
The neodermis now had a homogenous histologic appearance
throughout. It was hypercellular and hypervascular and had a more
compact stroma compared with normal porcine dermis. No discernible
bilayers equivalent to those of papillary and reticular dermis were
present; however, in contrast to scar tissue in which collagen fibers are
aligned parallel to the epidermis in a planar array, the collagen fibers
of the K-CGM neodermis had a three-dimensional orientation. In
addition, the vascular architecture showed evidence of spatial
remodeling with the formation of hairpin-loop capillary arcades in the
stroma interdigitating with nascent rete ridges (Fig 15). No residual
graft matrix could be identified, although rare multinucleate giant cells
could still be seen immediately subjacent to the epidermis in widely
scattered foci. The amount of extracellular matrix between lamellar
arrays of stromal fibroblasts was increased compared with day 19, and
the perivascular lymphocytic infiltration had resolved. A summary of
the histologic events occurring during the 35 d observation period is
shown in Fig 16.
DISCUSSION
In this study, the regeneration of organized skin structure from a
biodegradable CGM (Yannas and Burke, 1980; Yannas et al, 1980)
impregnated with a dilute suspension of freshly isolated autologous
keratinocytes was observed within 35 d. The strategically designed
CGM used in this study has previously been shown to produce a
vascularized neodermis within 2–3 wk when placed on full-thickness
wounds in both animals and humans (Burke et al, 1981; Yannas et al,
1981, 1982, 1989; Murphy et al, 1990) and to inhibit wound contraction
(Yannas et al, 1989). These properties are critically linked to the
biophysical properties of the CGM, especially the mean pore size of
the matrix, the collagen to glycosaminoglycan ratio, and the cross-link
density (Yannas et al, 1989; Orgill et al, in press). CGM are not
immunogenic (Michaeli and McPherson, 1990), but their introduction
into wounds elicits a foreign-body type inflammatory response, the
mechanism by which they are degraded.
Currently, CGM are used clinically to provide temporary closure of
large wounds but ultimately require grafting with thin split-thickness
skin grafts to achieve permanent epidermal coverage (Burke et al, 1981;
Heimbach et al, 1988). We have shown that CEA can also be used for
this purpose and that the outcome is comparable with overgrafting
with conventional skin grafts (Orgill et al, in press); however, the use
of K-CGM may obviate the need for a preformed, intact epithelium
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because a normal epidermis forms spontaneously in vivo from keratino-
cytes with growth potential. In essence, cultivation of an epidermal
component is accomplished in vivo rather than in vitro.
In our previous studies, we have shown that the keratinocyte seeding
density is a critical variable in this system (Butler et al, 1996, in press).
For example, the thickness of the epidermis generated at 2 wk post-
grafting and the density of horn cysts that form within the developing
epidermis are directly proportional to seeding density. More import-
antly, the seeding density of the graft determines the degree of epidermal
confluency at 14 d (Yannas et al, 1982, 1989). A seeding density of at
least 100,000 freshly disaggregated uncultured epithelial cells per cm2
of CGM (a 30-fold epidermal expansion factor) produces an epidermis
that is 96% confluent within 14 d. In this study, a seeding density of
50,000 cells per cm2 was chosen with the aim of maximizing epidermal
expansion without significantly compromising healing time.
The process of epidermal organization observed in this study is
unique and has no natural counterpart. In this artificial biologic system,
a spatially oriented, structurally normal epidermis is formed from the
coalescence and three-dimensional rearrangement of irregularly shaped,
spatially unoriented islands of differentiating keratinocytes. During this
process, hemidesmosal and basement membrane zone components are
expressed by the basal keratinocytes at the periphery of the expanding
epithelial islands within the graft. The finding suggests anchorage of
the epithelial islands to the engulfing stroma but belies the fluid nature
of the system. Within days, the deep islands and horn cysts that develop
from them open onto the external surface, forming an epidermis that
is both polarized and histologically organized. The factors that con-
tribute to this directed outward migration and structural reorganization
of the labyrinthine epithelium are unknown. Coalescence of the
individual keratinocyte colonies may contribute by establishing inter-
cellular communications that permit greater coordination of function,
including transjunctional ion exchange and cytokine-mediated para-
crine stimulation. It is also possible that exposure to air at the
surface of the graft may serve as a physiologic stimulus for epidermal
morphogenesis that is propagated throughout the epithelium. It has
long been known that oxygen promotes growth and differentiation in
skin explant cultures, and studies of human keratinocytes in cell culture
have shown that elevation to the air–liquid interface in vitro stimulates
differentiation of the cultivated epithelium (Prunieras et al, 1993).
Furthermore, the degree of differentiation induced by contact with air
is even greater if the keratinocytes are cultured on dermal substrates
(Prunieras et al, 1993).
The temporal sequence of biologic events in the regeneration of
the epidermis from undifferentiated keratinocytes observed in this study
correlates well with that observed in similar studies in humans (Stern
et al, 1990). For example, cultured epithelial autografts are devoid of
attachment specializations at the time of grafting but have been
shown to express hemidesmosomal proteins and basement membrane
components within hours to days of being placed in contact with a
living stroma; however, like the K-CGM neo-epidermis in this study,
they require weeks for normalization of epidermal keratin programs.
The epidermis that regenerates from cultured epithelial autografts
further resembles the K-CGM neo-epidermis in that it is hyperprolifer-
ative and prematurely expresses involucrin in the early post-grafting
period.
In this study, epidermal maturation was, overall, much more rapid
than stromal maturation. This observation also correlates well with
previous clinical biopsy studies of cultured epithelial grafts (Compton
et al, 1989), as well as studies of cell-seeded CGM in a guinea pig
model (Murphy et al, 1990). In human wounds grafted with cultured
epithelial autografts, modeling of the neodermal stroma may continue
for years after epidermal regeneration has been completed (Compton,
1992). In guinea pig wounds grafted with CGM seeded with autologous
skin cells of both epidermal and dermal origin, neodermal remodeling
continues for months postoperatively and does not reach completion
until 1 y after transplantation of the seeded CGM (Murphy et al, 1990).
Thus, it is highly unlikely that remodeling of the neodermis of the
K-CGM was complete during the short (35 d) time course of this
study. Nevertheless, biopsies at 35 d showed the formation of arcades
of capillary loops between nascent rete ridges, indicating that the
process of vascular remodeling had begun. Both from patient studies
and previous studies with the guinea pig model of cell-seeded CGM
(Yannas et al, 1982, 1989), it is reasonable to expect that connective
tissue remodeling would follow vascular remodeling in this model as
well; however, longer observation will be required to determine the
timing and character of stromal remodeling events and the ultimate
histologic quality of the resultant neodermis.
The ability to regenerate skin in situ from a synthetic dermal
substitute seeded with epidermal keratinocytes with growth potential,
in a time frame shorter than that required for epithelial autograft
production, grafting, and maturation, suggests that this method may
be clinically useful. The methods required to produce K-CGM are
less costly and labor intensive than those required to produce cultured
autografts. Besides obviating the need for in vitro cultivation of epithelial
cells, the K-CGM system described here has the advantage of a
prefabricated dermal substitute that is sterile, readily available, and
nonimmunogenic, and known to produce a predictable stromal response
in the process of wound repair. Nevertheless, more recent studies have
shown that in vitro cultivation (i.e., growth to subconfluence in primary
cultures) of donor keratinocytes prior to CGM seeding permits seeding
of the grafts at lower cell density without compromising the process
of epidermal regeneration post-grafting (Butler et al, 1996). Thus,
seeding of CGM grafts with keratinocyte populations that contain a
higher proportion of cells with growth potential may ultimately
optimize the K-CGM system for clinical situations in which massive
skin replacement is required.
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